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Abstract 
Baojixia water diversion works have direct impacts on river hydrology, primarily resulting in the changes of the 
magnitude, frequency of low and high flows, ultimately generating a new hydrologic regime differing significantly 
from the natural flow regime. Streamflow and precipitation data from 1944 to 2008 at Linjiacun station are analyzed 
in this study. In order to evaluate hydrologic alteration before and after water diversion, the Range of Variability 
Approach (RVA) is used in this paper, and hydrologic data was divided into two periods: before and after 1972, when 
Baojixia diversion works brought to service in the Wei River. It is supposed that the hydrologic time series before 
1972 represents the hydrologic regime for the pre-impact period, and that after 1972 for the post-impact period. The 
Chi-square test is used to analyze the hydrologic alteration of monthly flows, which is classified as low, middle and 
high hydrologic alterations. Flow Duration Curve (FDC) representing the relationship between the magnitude and 
frequency of streamflow was used to investigate flow characteristics from low flow to high flow. FDC is categorized 
as three parts on the basis of  magnitude of streamflow: high flow (below 10% of exceedance frequency), low flow 
(over 90% of exceedance frequency) and constant flow (from 10% to 90% of  exceedance frequency). The results 
show that the magnitude of monthly flow decreased obviously in the post-impact period, especially in dry seasons. 
The degree of hydrologic alteration is high. The shape of FDC in the post-impact period is different from that in the 
pre-impact period. There is an obvious trend for FDC in the pre-impact period, while there is no obvious regularity 
between magnitude of streamflow and exceedance probability in the post-impact period. According to the analysis on 
the data of water diversion, water withdrawn accounted for about 80 percent of natural runoff in dry seasons. This 
may be the reason why the alteration of monthly flow in dry seasons is highest. In summary, monthly streamflow 
after 1972 changed greatly because of water diversion. This analysis makes one to understand hydrologic regime well, 
and will be helpful for the management of water resources in the Wei River basin. 
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1. Introduction 
Hydrologic regime in most of rivers on the earth has been altered due to intensive human activities 
such as dam construction, irrigation [1-3]. While great efforts have been taken to manage rivers for 
navigation, water supply, flood control, agriculture and power generation, these activities have affected 
streamflow, channel morphology, water quality and aquatic habitats significantly. Hydrologic regime is a 
key driving force for river ecosystems, and streamflow controls many habitat factors such as flow depth, 
velocity and habitat volume [4, 5]. Hydrologic regime is characterized by magnitude, timing, frequency, 
duration and rates of changes. Frequency and duration of high flow is critical for the reproduction and 
growth of various species. The rate of change in water conditions may be tied to the stranding of certain 
organisms along the water’s edge or in ponded depressions [6-8]. Assani [9] suggested that the 
distribution curve should be added to the hydrologic regime. 
Range of Variability Approach (RVA) was established to evaluate the impact of dam construction on 
hydrologic regime in regulated rivers. RVA has been widely used to analyze the influence of dam 
construction on hydrologic regime. Yang [10] used RVA to investigate the spatial variability of 
hydrologic alterations due to dam construction along the middle and lower reaches of the Yellow River 
over the past five decades, and results showed that the impact of reservoirs on hydrological processes 
downstream of the dams are closely associated with the regulation activities of the reservoirs. Matteau [11] 
applied PCA (Principal Component Analysis) and CCA (Canonical Correlation Analysis) to select the 
hydrologic variables seriously influenced by dams. Similar researches have been done in other several 
basins [12-15].  
Because of the increasingly intensified human activities, hydrologic regime in the Wei River basin has 
been interrupted in a large extent. Dams and reservoirs have altered the spatial and temporal distribution 
of water resources. Water diversion for agricultural irrigation resulted in the decrease of river flow 
considerably. Baojixia irrigation district was constructed in 1972, frequent water diversion has reduced 
river flow seriously, even changed hydrologic regime in the Wei River. In this study, streamflow series 
from the Wei River were divided into two periods, pre-impact period before 1972 and post-impact period 
after 1972. RVA was applied to evaluate the alteration degree of hydrologic regime. The objectives of 
this study include: (1) to evaluate the most alterative factors of hydrologic regime, (2) to explore the 
impacts of Baojixia diversion works on the hydrologic regime in the Wei River. 
2. Study area description 
The Wei River is the largest tributary of the Yellow River with the length of 813km. The Wei River 
basin belongs to the continental monsoon region. The annual precipitation is 572mm [16]; annual average 
runoff is 10.04 billion m3. Precipitation in flood season from July to October accounts for almost 60% - 
70% of the annual precipitation. Annual variation of runoff is huge, and inter-annual variation is even 
more significant. Frequent floods such as ’92.8’, ’96.7’, ‘2000.10’, ‘2003.10’ have devastated the local 
economics and resulted in dead of human lives in the Wei River basin. 
Baojixia irrigation district is the biggest water diversion project in the Wei River basin. It began to 
withdraw water in 1972, and many diversion works were constructed later for agricultural irrigation. 
Because of water diversion from the Wei River, streamflow in the river decreased greatly, especially in 
dry seasons. Tributaries in north bank such as Jing River, Beiluo River, Shichuan River from Loess 
Plateau flow into the Wei River with hyper-concentrated sediment. Especially since the operation of 
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Sanmenxia Reservoir in 1960, elevation in Tongguan kept rising due to high-level sluice in the reservoir 
for a number of times [17]. Therefore, river geomorphology has changed greatly, i.e., slope increased, 
channel shrunk and flow velocity decreased. In conclusion, the disturbances have altered the hydrologic 
regime in the Wei River, and even broken the natural balance of river ecosystem. 
3. Data and method description 
3.1. Data description 
Hydrologic data monitored at Linjiacun station is selected in this study. Linjiacun station is the most 
important monitoring station in the Baojixia irrigation district, monitoring the hydrologic variables such 
as precipitation, streamflow, velocity, and river depth in the Wei River. Amount of water diversion from 
the river is also monitored at Linjiacun station, which is helpful for water resources management in the 
irrigation district. Daily streamflow data from 1944 to 2008 and precipitation data from 1972 to 2008 
were analyzed in this study. 
3.2. Method description 
3.2.1. RVA procedure 
RVA procedure uses 33 hydrologic parameters to evaluate hydrologic alterations, which are 
categorized into five groups addressing the magnitude, timing, frequency, duration, and rate of changes [6, 
10]. The 33 parameters (Table 1) were proposed by Richter [6], which were selected on the basis of their 
close association with ecological function, either in terms of population dynamics, predator-prey 
relationship, or species competition. 
Table 1. Hydrologic parameters in RVA 
IHA parameter group Hydrologic parameters 
1). Magnitude of monthly water conditions Mean or median value for each calendar month 
2). Magnitude and duration of annual 
extreme water conditions 
Annual minima, 1-day mean, 3-day means, 7-day means, 30-
day means and 90-day means; 
Annual maxima, 1-day mean, 3-day means, 7-day means, 30-
day means and 90-day means; 
Number of zero-flow days; Base flow index 
3). Timing of annual extreme water 
conditions 
Julian date of each annual 1-day maximum or minimum 
4). Frequency and duration of high and low 
pulses 
Number of low pulses and high pulses within each water 
year; 
Mean or median duration of low pulses and high pulses 
5). Rate and frequency of water condition 
changes 
Rise rates; Fall rates; 
Number of hydrologic reversals 
 
RVA is often used to evaluate the human impacts on the hydrologic regime for regulated rivers. It 
quantifies the degree of alteration on the basis of the 33 IHA parameters by generating a series of 
hydrologic alteration factors. It is appropriate for RVA application in hydrologic regime characteristics 
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between two defined time periods at a given station. It uses the pre-impact natural variation of RVA 
parameter values as a reference for defining the extent to which natural flow regimes have been altered 
[18].  
For RVA analysis, the full range of pre-impact data for each parameter is divided into three different 
categories, which is often placed 17 percentiles from the median. For example, the lowest category 
contains all values less than or equal to the 33rd percentile; the highest category contains all values greater 
than 67th percentile; all values between two boundaries are set as the middle category. Then, it will 
compute the expected frequency with which the post-impact values of the IHA parameters should fall 
within each category. Finally, compared with the observed frequency, the hydrologic alteration factors is 
calculated for each of three categories as: 
((Observed frequency- Expected frequency)/Expected frequency) 
A positive hydrologic alteration value means that the frequency in this category has increased from the 
pre-impact to the post-impact period. 
3.2.2. Chi-square test 
Hydrologic alteration factors decided by RVA are calculated for each categories, it is too hard to 
evaluate the integrated alteration situation for specific rivers. Considering the very point, Chi-square is 
applied in this study. Chi-square test is an alternative to the Anderson-Darling and K-S goodness-of-fit 
tests. The Chi-square test is applied to binned data, therefore, the value of the test statistic depends on 
how the data is binned [19]. The Chi-square statistic is defined as 
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where Qi is the observed frequency, and Ei is the expected frequency.  
The value of p is obtained by looking up table. If p<0.01, the degree of hydrologic parameters are 
altered highest; if p<0.05, the degree are middle; if p>0.05, the degree are lowest. 
3.2.3. Flow duration curve 
A flow-duration curve (FDC) represents the relationship between the magnitude and frequency of 
daily, weekly, monthly (or some other time interval of) streamflow for a particular river basin, providing 
an estimate of the percentage of time a given streamflow was equalled or exceeded in a historical period. 
An FDC provides a simple, yet comprehensive, graphical view of the overall historical variability 
associated with streamflow in a river basin [20]. FDC is widely used in hydrology, water resources and 
river ecology. For example, it can be estimated from the empirical distribution of streamflow observations 
if sufficiently long series of observations are available [21].  
The shape of the FDC can indicate the hydrogeological condition in the catchment [22]. An FDC 
shows the complete range of river discharges from low flow to flood events, and also characterize the 
rivers based on the slopes at the two ends of the curve. High slopes in the low flow tail will indicate a less 
sustained low flow during the dry seasons than a low slope FDC. This means less or variable base flow in 
the dry seasons. Similarly, a high slope in the high flow end of the FDC is indicative of less contribution 
from natural storages like groundwater [19].  
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4. Result analysis and discussion 
4.1. Water diversion in Baojixia 
Since 1972, Baojixia diversion works brought into service. Annual average water diversion is 0.58 
billion m3 from 1972 to 2008 with uneven distribution in 12 months. Table 2 shows monthly water 
diversion, and it shows that water diversion in dry seasons is more than that in wet seasons, especially in 
January, February, March and December. Diversion water accounts for about 80% of natural water, 
leading to near zero flow in the river, while diversion water accounts for about 40% in wet seasons. The 
main reason is that more rainfall in wet seasons could meet the need of agricultural requirement, but less 
rainfall in dry seasons need to draw much water from river for irrigation. In addition, enough water from 
February to May is critical to crop growth, but less rainfall need more water diversion. 
Diversion water amount is different for different years, which is negatively correlated with 
precipitation. Generally speaking, diversion water is less in wet years than that in dry years. Diversion 
water amount also depends on temporal distribution of annual precipitation. If precipitation time is 
suitable for crop requirement, water diversion may be less, if not, much water need to be drawn for crop 
growth. For example, annual rainfall in 1980 is 793.8mm, close to rainfall in 1988 (793.5mm), while 
diversion water in 1980 was 0.76 billion m3, only 0.31 billion m3 of water was withdrawn in 1988. The 
main reason is that the temporal distribution of rainfall in 1980 did not fit in with the crop requirement. 
Table 2. Ratio of water withdrawn to natural flow in the Baojixia diversion works  
Month 1 2 3 4 5 6 7 8 9 10 11 12 
Withdrawn water/Natural 
water (%) 
87.44  81.02  74.17  57.43  41.93  49.63  36.99  39.19  35.01  36.56  53.95  88.07  
4.2. Changes in monthly flow 
Streamflow data at Linjiacun station from 1944 to 2008 are analyzed by RVA to estimate the impact 
on the hydrologic regime. The separation year for RVA is in 1972, when Baojixia irrigation area began to 
withdraw water, therefore, the series from 1944 to 1971 is set as pre-impact period, while series from 
1972 to 2008 as post-impact period. The direct effect of diversion on river flow is that streamflow 
decreased obviously since 1972. The monthly flow in January at Linjiacun station is shown in Fig. 1. 
Median flow for January is decreased from 24 m3/s in the pre-impact period to 0.645 m3/s in the post-
impact period. Streamflow greater than 32.17 m3/s doesn’t appear in the post-impact period, streamflow 
between 21.06 m3/s and 32.17 m3/s only appeared twice, and streamflow in most of the years was only 1 
m3/s. Streamflow in the pre-impact period ranges from 15 m3/s to 60 m3/s, but fluctuates around a fixed 
value. Because of diversion, streamflow in the post-impact period change slightly with low flow. In 
conclusion, frequent diversion from the Wei River and less rainfall in dry seasons make river flow smaller, 
even nearly zero flow. 
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Fig. 1. Monthly streamflow in January at Linjiacun station 
River flow altered less in wet seasons because of less diversion and more rainfall. 60% or 70% of 
annual precipitation comes from wet seasons. Generally speaking, more precipitation in wet seasons can 
meet the need of crop growth, and flood control is the most important function of Baojixia diversion 
works leading to river flow released near natural state. However, diversion water maybe increase if 
rainfall is different from crop requirement. This is why diversion water of the same annual precipitation is 
different. Monthly streamflow for September at Linjiacun station (Fig. 2) shows that streamflow between 
1972 and 1993 change slightly, and streamflow from 1994 to 2008 reduced obviously. Maybe this is 
related to the decreased rainfall in wet seasons during this period, leading to more diversion for irrigation. 
Baojixia diversion works has less impact on streamflow in wet seasons than that in dry seasons, but the 
extent to influence on streamflow shows increasing trend.  
 
Fig. 2. Monthly streamflow in September at Linjiacun station 
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Fig. 3. Monthly flow alteration with RVA boundaries at Linjiacun station 
Monthly flow alteration with RVA boundaries (Fig. 3) makes a clear view of high degree of monthly 
flow alteration. The target range of RVA is determined according to hydrologic parameters in the pre-
impact period. If a hydrologic parameter falls into this range, it could be thought low altered. Monthly 
streamflow for 12 months in the post-impact period is all fall out of this range from Fig. 3, indicating that 
the degree of alteration for these 12 parameters is highest, especially in dry seasons. Chi-square test 
(Table 3) shows the same results. Thereby, it reveals that Baojixia diversion works has altered the 
hydrologic regime severely. 
Table 3. Results of Chi-square analysis 
Hydrologic 
parameter January February March April May June July August September October November December 
p 0.00000 0.00000 0.00000 0.00000 0.00005 0.00000 0.00001 0.00000 0.00001 0.00001 0.00000 0.00000 
Degree of 
hydrologic 
alteration 
highest highest highest highest highest highest highest highest highest highest highest highest 
4.3. Alteration of flow duration curves  
 
Fig. 4. Flow duration curves for two periods at Linjiacun station 
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An FDC shows the complete range of river discharge from low flow to high flow. It can be categorized 
as three parts: high flow (below 10% of exceedance frequency), low flow (over 90% of exceedance 
frequency) and constant flow (from 10% to 90% of exceedance frequency). The high slope of high flow 
indicates more contribution from precipitation with great flood risk in wet seasons. This component plays 
an important role for maintaining connectivity of the river, lake and wetland. The high slope of low flow 
reveals less contribution from groundwater with great drought risk in dry seasons. The high slope of 
constant flow suggests large flow variation within a year. FDC in the pre-impact period (Fig. 4) is much 
smoother than the post-impact period, and has a clear trend for three parts. The trend lines are fitted as: 
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Flow duration curve in the post-impact period shows great difference from the pre-impact period. 
Compared with FDC in the pre-impact period, magnitude of high flow reduces, but the slope is greater. 
Streamflow smaller than 40% shows the same trend with the pre-impact period, while constant flow 
declines greatly with high slope, and have no obvious trend, which suggests that diversion from the river 
did not only reduce the magnitude of river flow, but also alter the hydrologic regime. Low flow does not 
have obvious clear trend with smaller flow, even nearly zero flow. 
Table 4. Some streamflow values with different frequencies 
Frequency Pre-impact Post-impact Ratio between different 
streamflows with 
frequencies 
Pre-impact Post-impact 
Q5 259 164 Q5/Q50 5.26  54.85  
Q10 175 97.9 Q10/Q50 3.56  32.74  
Q25 90 36.7 Q25/Q50 1.83  12.27  
Q50 49.2 2.99 Q50/Q50 1.00  1.00  
Q75 28.2 0.52 Q75/Q50 0.57  0.17  
Q90 20 0.2 Q90/Q50 0.41  0.07  
Q95 17 0.12 Q95/Q50 0.35  0.04  
 
In order to determine the alteration of magnitude of river flow, some common example indices are 
analyzed. Streamflows with exceedance frequencies of 5%, 10%, 25%, 50%, 75%, 90% and 95% are 
denoted as Q5, Q10, Q25, Q50, Q75, Q90 and Q95, while exceedance frequency as P. Results of flow 
difference are given in Table 4. Flow in the post-impact period declines to some different extent, 
especially flows from Q50 to Q95 flows reduce greatly, even nearly zero flow. The ratio of Q50 and other 
flows indicate flow variability. Q5/Q50, Q10/Q50 and Q25/Q50 in the post-impact period are greater than 
those in the pre-impact period, while Q95/Q50, Q90/Q50 and Q75/Q50 are much smaller. This fact 
reveals that flow variability for high flows is much bigger in the post-impact period. Low flow is smaller 
from Q75 to Q95 with small variation, which also demonstrates the huge impact of diversion on flows in 
dry seasons, even leads to high drought risk downstream of the river. The flow variability will be more 
clearer to be shown by Logarithmic relationship, therefore, the relationship curve of ln(⊿Q/⊿P) ~ P was 
established. From Fig. 5, it is obvious that the curve from the point of 40% frequency has deviated from 
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the pre-impact curve, and the deviation degree become greater with the increase of frequencies. It is 
similar with the results given by flow duration curve. 
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Fig. 5. Relationship curve between ln (⊿Q/⊿P) versus P 
5. Conclusions 
In this study, the RVA was employed to evaluate the alteration of hydrologic regime in the Wei River 
influenced by the Baojixia diversion works. Streamflow and precipitation data at Linjiacun station were 
analyzed for both pre-impact and post-impact periods. The degree of synthesis hydrologic alteration was 
determined further by the Chi-square test. The FDC between pre-impact and post-impact periods were 
compared each other, which exhibits the alteration of hydrologic variables. The main results of this study 
may be summarized as follows: 
 Magnitude of monthly streamflow changed greatly in the post-impact period, especially in dry 
seasons due to much water diversion and less precipitation.  
 FDC shows that water diversion has altered hydrologic regime greatly. FDC in the pre-impact 
period shows an obvious trend, while FDC in the post-impact period exhibited huge difference without 
regularity. The magnitude of high flow decreased in the post-impact period; constant flow and low 
flow declined sharply. All these facts all revealed that the impact of Baojixia diversion works resulted 
in significant changes of river flow in dry seasons. 
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